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Abstract

This paper reviews previous attempts and the present status of efforts to understand
the structure of slow shochs by means of time dependent numerical calculations. Studies
carried out using MHD or hybrid-kinetic codes have demonstrated qualitative agreement
with theory. A number of unresolved issues related to hybrid simulations of the internal
shock structure are discussed in some detail.

1. Introduction

Shock waves are of interest to a large segment of the space and astrophysical cominu-
nity on a wide range of levels. On a universal level shock waves are an efficient mechanism
for producing energetic particles, e.g., cosmic rays. On a smaller scale (< solar system),
shocks are discontinuities associated with the solar wind (e.g., interplanetary shocks, plan-
etary bow shocks, terminator shock, etc.). On an even shorter scale (many km) shocks are
a most interesting plasma physics engine that converts directed particle motion into ran-
dcm energy and plasma waves. Hewever, when one thinks of shock waves, almost always
one has in mind fast shocks [upstream flow speed exceeds the fast (magnetosonic) speed|,
e.g., the contents of *he recent AGU monographs on shocks [Stone and Tsurutani, 1985;
Tsurutani and Stone, 1985]. Slow shocks [upstream flow speed exceeds the slow mode
speed, but is less than the intermediate (Alfven) speed| also exist, but occur much less
frequently. A few slow shocks have been identified in the solar wind [Chao and Olbert,
1970; Burlaga and Chao, 1971; Richter et al., 1985; Richter, 1988] and in the magnetotail
(Feldman et al., 1984a, 1984b, 1985, 1987; Smith et al., 1984; Feldman, 1988), which have
provided all that is known about their internal structure. The lack of a large data base
ol observations hut led to an equally small theoretical effort. Except for Coroniti’s [1971]
detailed investigation of the internal magnetic structure of slow shocky, there have been
few other theoretical [Kantrowitz and Peischek, 1966; Neubauer, 1976; Hada and Kennel,
1985; Kdmiston and Kenncl, 1986; Schwartz et al,, 1987; Wolfson, 1987; Kennel, 1988
or nuinerical [Hayashi and Sato, 1978, Sato et al., 1978; Sato, 1979; Swift, 1983, Winske
et al., 1985a] studies. On 8 more macroscopic scale, in addition to occurring in the solar
wind and magnetotai!, slow shocks have been postulated to occur in coronal holes [Whang,
1982, 1986}, to Le associnted with coronal mass ejecta [Hundhausen et al,, 1987] and to
be part of fast-slow shock systems [Whang, 1987]. However, more understanding of how
slow shocks work iy needed before their importance relative to fast shocks in accelerating
particles and ns a potential source of cosmic rays can be assessed.



The purpose of this paper is to review previous work of slow shock structure obtainea
from time dependent numerical calculations. As the number >f such investigations and
the amount of definitive conclusions obtained from them is rati:er small, this is not a
complicated task. Combined with other unpubliched work, a number of unresolved issues
related to modeling slow mode shocks can be enumerated. These are discussed in some
detail anc are presented here as promising areas for future research.

2. Review of Previous Work

In this section previous work involving sitnulations of slow shocks is reviewed. Two
types of numerical models have been employed: MHD and hybrid-kinetic. The MHD
calculations (Hayashiand Sato, 1978; Sato et al., 1978; Sato, 1979] use a standard 2-D MHD
resistive model to study magnetic reconnection. The slow shocks formn at the interface
between the external and boundary layer regions, consistent with the Petschek model
[1964). The hybrid-kinetic studies [Swift, 1983; Winske et al, 1985a] are one-dimensional
and include ion kinetic effects using particle in cell methods and treat the electrons as a
massless fluid. [See Winske (1985) for a review of the numerical methods involved.| In
contrast to the more global MHD calculations, the hybrid simulations focus on the intrinsic
structure of the shock. Here we briefly review what is known theoretically about slow mode
shocks and then describe the results of the various simulations and relace them to theory.

A. Theory

Slw shocks have two interesting and important features. First, the overall transition
from upstream to downstream is characterized by an increasing density jump (and corre-
sponding decrease of the normal floww speed) accompanied by a decreasing magnetic ficld,
as can be inferred from the Rankine-Hugoniot relations (Edmiston and Kennel, 1986). As
a result, the magnetic field is bent toward the shock normal in the downstreumn region. A
macroscopic consequence is that the bow shock which f rms in front of an obstacle in the
flow bends toward the upstream, rather than the downstreain [e.g., see Figure {, Wolfson
(1987)]. On the other hand, the plasma flow in the downstream is larger ard is bent away
from the normal direction. Because the plasma pressure and magnetic pressure change in
opposite directions across the shock, it is not always easy to identify slow shock crossings
from other types of MHD discontinuities. Richter et al. [1985] have provided a practical
test to distinguish between these types of configurationn.

The second vignificant feature of slow shocks is the magnetic wavetrain which trails
behind the leading edge of the shock [Coroniti, 1971]. The shock layer that separates
the upstream and downstream atates is made up of a serier: of magnetic field rotations of
decreasing amplitude. Using MUD equations with finite jon Larmor radius corrections,
Coroniti has shown that the wavelength of the rotation is related to the jon inertial length
at low beta or the jon gyroradius at high beta, while the damping length depends on the
magnitude of the dissipation. For weak resistivitites the datping can be very small and



many rotations of the magnctic field are expected [c.g., see Figure 2, Coroniti (1971)].
Observationally, only the slow shock in the near earth magnetotail [Feldman et al., 1987,
exhibits some sort of trailing wavetrain. The lack of a wavetrain at other slow shocks may
be due to instrumental limitations or physics issues to be discussed later.

B. MHD Simulations

The principal purpose of the MHD simulations was to study driven magnetic recon-
nection with various t-pes of boundary conditions and values for the resistivity. The
simulations produce an X-point with four slow shocks radiating from it, as proposed by
Petschek [1964]. Figure 1, adapted from Hayashi and Sato [1978] shows the 3-D current
structure (left) and the cross-sectional structure of the slow mode shocks (right). In the
left pane , the plasma in injected from the right and left sides and flows out along the top
and bottom of the figure. The characteristic slow shock form, mass density (p) and Lres-
sure (p) rising across the shock fat x=20.5) while the magnetic field (B, shown) is reduced,
is clearly visible. A detailed analysis of these shocks [Sato, 1979] demonstrates that the
snocks are slow mode and that the Rankine-Ilugoniot relations are obeyed. In such calcu-
lations neither the ion inertial length or the ion gyroradius are resolved, so no wavetrain is
generated. Such calculation, however, show that strong flows (jets) occur along the plasma
sheet boundary layer downstrcam of the shocks. Thus, the overall structure of the slow
shock with decreasing magnetic field bent toward the normal and increasing plasma flow
away from the normal is reproduced.

C. Hybrid Simulations

In the hybrid-kinetic simulations a different approach is followed. These calculations
use particle ions and fluid electrons to look at the intrinsic shock structure in one spatial
dimension [Swift, 1983; Winske et al., 1985a). Because the ions are treated kinetically,
ton inertia and gyroradius effects are naturally included, so that the trailing wavetrain
can be studied. Such types of calculations allow examination of the fine details of slow
shocks on ion-like scales; sumilar methods have been most successful in understanding
fast shocks Lieroy et al., 1982; Quest, 1987]. There are, however, a number of unresolved
issues associated with hybrid code simualtions of slow shocks. These are discussed in the
next section, where the results of previous simulations are also described. Here we merely
point out that the past work [Swift, 1983] has led to three major conclusions. First, as
wivh the shocks produced in the MHI) treatments, the shock profiles generated with the
hybrid simulations are consistent with the Rankine-Iugoniot solutions: namely, oppositely
directed density and magnetic field jumps and accelerated plasma flows. Second, the
hybrid simulations demonstrate the existence of the trailing wavetrain structure predicted
by Coroniti {1971], showing that broad shoeck transitions are indeed possible. Third, the
calculations show large fluxes of ions streaming upstream from the shock, as were seen for
example at the slow shock in the near earth magnetotail [Feldman et al., 1987] and in the
plasma sheet boundary layer [Tsurutani e! al,, 1985). These results emphasize that the
non-MUD nature of slow shocks requires a kinetic ion ireatient to model them accurately,



3. Issues

While hybrid simulations have been shown to offer an improved technique for studying
slow mode shocks, there are a number of unsolved problems associated with using such
methods. These are discussad at some length in this section.

A. Shock Formation

One of three methods can be used to initialize simulations of slow shocks. First,
one can start with uniform upstream and downstream states related by Rankine-Hugoniot
conditions, as used by Swift [1983] and by Leroy et al. [1982] for fast shocks, and let
the system then evolve in time. Figure 2 shows how the shock is formed. Displayed
are v,-x and v,-x phase spac~ for the ions and profiles »>f the density (n) and magnetic
field component (B;). The left panel shows the initial state: upstream state to the left,
downstream to the right. The paramecters in this case are: shock normal angle g, = 60°,
Alfven Mach number M4 == 0.5, upstream ion beta ; = 0.01, and upstream electron beta
fe = 0.1. These conditions correspor.d to a switch off shock, so that B, = 0 downstream.
Note, consistent with the Rankine-Hugoniot relations, that the downstream ion z velocity
is larger than the upstream normal (x) velocily and that the downstream ions are much
hotter than the upstream ions. In this calculation the flectrons are assumed to be adiabatic
(T. ~ n7~1). The middle panels show the same results at 2;¢ = 25. Plasma is continuously
injected at the left boundary to maintain a uniform upstream state. The density profile
shows that a steep siiock front is still present, but some hot ions have leaked ahead of
the shock from downstream A magnctic wavetrain has started to form. At later time
(€2,t = 50), the wavetrain has extenders] further downstream and the shock front is more
diffuse as ions continue to leak upsiream [Swift, 1983]. Later, we will show the same shock
at a further point in time and discuss more of the results.

A sccond method to form shocks is to let the incident plasma siream reflect off the
right wall of the system. The ions then couple via some instability to produce a hot plasma
near the wall and the shock propagates back toward the upstream. This method has the
advantage that no presupposcd downstream state is assumed. Such a technique has been
used successfully by Quest [1987] for generating parallel shocks. The same method was
used by Winske et al. {1985a) for producing slow shocks, as shown in Figure 3. While this
scheme gives a welt defined shock front, it has two major drawbacks: first, the wavetrain
forms right at the wall; second. one must run the calculation to very long times in order
to get the shock away from the boundary.

A third method is to form the slow shock from a steepened slow wave. The difliculty
here is that numerical dispersion Limits the amount of steepening. Hada and Kennel [1985)
have examined tie steepening rate of slow waves, but did not produce shocks by this
method. Hada et al. [1987] and Omidi and Winske [1987] observed steepenced fast waves
in hybrid simulations of foreshock phenomena, but again the pulses did not form true
shock-like structures.



A major difficulty with all of these methods is that the shock formation time (Q;¢ > 50,
2,= upstream ion gyrofrequency) is very long, which transiates into significant computa-
tional costs (~ 1 Cray hour for 1-D shocks). More complete calculations in two dimensions
would be prohibitively expensive. Clearly, more efficient methods to initialize slow shock
simulations in which remnants of the initial state or the boundary conaitions do not play
a significant role are needed. Calculations with more realistic initial conditions may help
to explain why so few slow shocks are observed in the solar wind.

B. Shock Structure

Figure 4 shows profiles of the slow shock of Figure 2 at much later times (02t = 200):
v.-x and v,-x ion phase space, and profiles of the density (n), magnetic field magnitude
(B) and B;. One notices that the wavetrain now extends farther downstream; the waves
decrease in amplitude and wavelength with distance from the front of the shock. In v.-x
space it is seen that the hot downstream ions continue to leak through the shock. These
backstreaming ions are also seen in v,-x space, but in this panel the predominant feature
are the large excursions of the ions in the downstream region. By comparing with the
B, profile, it is evident that the ions follow the magnetic field through the shock. The
ion density increases gradually through the shock layer from upstream to the downstream
state; the layer width continues to expand in time as the wavetrain grows [Ceroniti, 1971}.
The magnetic field magnitude (B) rises slightly above its upstream value at the start of
the wavetrain, then decays to its downstream value.

We have also carried out a number of simulations tor a variety of upstream conditions
[Stover and Winske, unpublished]. Results of some of these runs showing the magnetic
wavetrain are displayed in Figure 5. In each case profiles of By versus x are shown at the
same time ({1;¢ = 200) for conditions similar to those in Figure 2, except as noted. Thevc. i)
difference with the case given in the previous figures is that here the initial downstreai
ions are colder and the electrons are ohmically heated, as discussed later. The top three
panels of Figure 5 compare cases with different upstream ion beta (4,=0.001, 0.01, 0.1).
Generally, the wavelength and damping coeflicient increase with 3,. The next three panels
compare switch off shocks at various 0, [0gn = 75° (Ma = .26), 45° (.71), 30° (.B7)]:
the wavelength and damping decrement decreace with 0p,. The last panel displays the
wavetrain for a shock away from the switch off limit: 8y, = 55°, M4 = 0.5. Compared
to the switch ofl case at M, = 0.5, the amplitude is smaller, the waveleugth is slightly
shorter and the damping is stronger away from switch off.

A preliminary analysis of the wavelengths calculated in the simulations and the theo-
retical results of Coroniti [19711 (his low beta lincarized equations, 4.1-4.2) has been carried
out [Stover and Winske, unpublished|. Overall, there is rough agreement, and again it is
an area for more study: both to include more of the physics in the numerical solutions
of the wavetrain equations as well as to carry out better analysis of the simulations. It
should also be noted that the damping in the simulation decreases with time toward the
fluid limit Winske et al. [1985a;. The larger damping ia the higher ion beta case may
suggest kinetic us well ns resistive damping may be important [Swift, 1983]. Alternutively,



the higher ion beta may merely give rise to more rapid phase mixing and thus destruction
of the coherent wavetrain sooner [Quest, private communication.

C. Electron Model

Another unresolved issue is the proper electron model to use. The underlying philos-
ophy of the hybrid method is that the electrons are relatively unimportant and ion effects
dominant. On the other hand, Hada et al. [unpublished| have shown that the wave prop-
erties of the slow mode change with beta (i.e., double adiabatic or kinetic electron models
give slow waves with phase speeds greater than the intermediate speed at high beta) and
argue for the need for a CGL equation of state in the simulations. For the calculations
in the last subsection the electrons were either adiabatic or ohmically heated with a re-
sistivity 7 = ndn/w, = 2 x 107%. Other electron mddels (e.g., T.=constant) are possible
as well. Figure 6 compares the wavetrains of slow shocks at the same time for the same
upstream conditions (same as Figure 2) when the electrons are: (a) adiabatically heated
(with v = 5/3), (b) ohmically heated, and (c) isothermal. The results show some differ-
ence in the wavetrain structure. The ohmically heated case has the longest wavetrain, the
adiabatic case has the strongest damped wavetrain, while the isothermal case has the least
wavetrain damping just behind the shock front. The wavelengths ara slightly different in
each case as well.

D. Potentials

A fourth interesting, but not well studied feature of slow shocks is the role of the
electrostatic potential. Recent work (Schwartz et al., 1987, and references therein| has
shown that the electrostatic potential is frame dependent. In the de Hoffman Teller frame,
which corresponds to moving along the upstream or downstream magnetic field, there is
no motional electric field and the change in the electron energy is directly related to ¢ in
this [rame (¢¥7). For fast shocks ¢/'T <« ¢N!, where ¢™V/ is the potential in the frame
where the plasma is normally incident on the shock (e.g., the simulation frame), implying
that the electron gain at fast shocks is much less than that lost by the ions. On the other
hand, for a slow shock ¢H7 > ¢! (Schwartz et al.,, 1987}, indicating that the electron
gain is greater than the ion loss. Figure 7 shows profiles of éN! and ¢HT for the same
shock shown in Figure 4. Although ¢™/ is large, ~ the ion incident energy (E, = m;V.2/2)
at the shock, the ions are not reflected electrostatically, because they follow the magnetic
field rotations through the shock. The profile of ™/ has a very similar shape to that of
By (cf. top panel of Figu.c 6). In this case the clectron temperature change across the
shock is about the upstream temperature and ¢~ /E, ~ 1. For comparison, the bottom
panel of Figure 7 shows ¢!7 for the case with resistively heated electrons (corresponding
to the top panel i Figure 6). In this case the electron temperature jump, and thus ¢!/,
is sornewhat larger.

E. lon Dynamics

The bebavior of ions at slow shocks is also an arca where little is known, but hybrid



simulations can be most useful. As mentioned earlier, the incoming ions follow the mag-
netic wavetrain through the shock. This behavior can be understood from the following
argument.

The force on the ions in the y direction is given by

F,=e(E, +V,B, ~ V.B,)

In the upstream region, Fy, = 0 and since V, = 0, this implies the motional electric
field, E, = V;1B;,. In the downstream region of the switch off shock, B, = 0 and since
E, is constant across the shock, V, = —E,/B; = —V:,B,1/B;, which in general gives

accelerated flows (V, > Vi) in the downstream region. However, if one imagines that
the shock switches off rapidly, then just at the switch off point, V, is still zero from the
upstream, but B, is now zero, so that F, > 0. The ions will thus accelerate in the y
direction. Once they have received this kick in the y direction, they gyrate about the
downstream field (B;). The transverse ion velocity and the magnetic field vary together
(Vy ~ By, V, ~ B,), as can be inferred from Eqns. 2.7-2.8 of Coroniti [1971], leading to
the formation of the wavetrain.

In addition, a number of ions (< 10%) return upstieam [Swift, 1983; Winske et al.,
1985a]. While particle orbits of incoming ions [Stover and Winske, unpublished] show that
come of the ions are turned around deep in the shock layer, most of the backstreaming
ions in Figure 4 come from the downstream population. Tc demonstrate this more clearly,
we replot the v,-x phase space and B, profile from Figure 4 on the top half of Figure
8. The middle panels correspond to another simulation with the same parameters as
Figure 4, but with ohmically heated electrons and correspondingly colder downstream
ions. Several curious features appear. First, there are less backstreaming ions at the front
of the wavetrain, suggesting the colder ions cannot catch up to the shock easily [Edmiston
and Kennel, 1986|. Second, as noted in Figure 6, the magnetic wavetrain is much longer
and cleaner, which suggests there is less damping because of the colder ions. Third, the
shock tends to drift upstream somewhat. Finally, upstream of the start of the wavetrain
there is an expanding gradval bulge on B, that propagates upstream and slows the incident
ions well upstream of the shock transition. It again points out the need to be careful in
initializing these kinds of simulations. More observations of ions escaping from the front of
slow shocks will be a major %elp in selecting proper downstream states as well the electron
equation of siate to use in the calculations.

F. Alpha Particles

Usually, alpha particles comprise a small, but not insignificant fraction of the solar
wind population. Richter et al. [1985] have s';own for their interplanetary slow shock that
the alpha particle contribution to the Ran'ine-Hugoniot relations is important to obtain
the proper shock conditions. An interest'ng question is what happens to such ions when
they encounter a slow shock. Simulat'ons of fast shocks show that heavy ions tend to
be unaffected by the electric field at the shock front. Instead, they propagate into the
downstream region, where they gyrate in the stronger magnetric field and perhaps return
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to the shock front [Winske et al., 1985b; Omidi et al., 1986]. The bottom panel of Figure 8
shows v,-x phase space for alpha particles at late time (;¢ = 300) in a simulation identical
to that in the middle panels. Like the protons, the alpha particles follow the magnetic field
through the shock. Far downstream the alphas phase mix and are left strongly heated,
but it is not clear whether any of them can eventually leak back upstream. Although the
alpha particles comprise 5% of the incident population in this case, the structure of the
shock and the wavetrain are not changed significantly.

G. Dissipation

The important feature of most of the slow shocks that have observed in the solar
wind and the magnetotail is the absence of the trziling magnetic wavetrain. While this
rnay be due to a lack of temporal resolution in the measurements (interplanetary shocks
traveling past the spacecraft too fast), or in the case of the magnetotail, to not enough
room in the boundary layer to fit in a wavetrain, an alterrative explanation is that the
wavetrain is d2mped by a large (anomalous) resistivity. Because the density and magnetic
field gradients are antiparallel, the mostly likely candidate to produce such a resistivity is
the lower hybrid drift instability [e.g., Lemons and Gary, 1978]. However, there is little
evidence from plasma wave [Scarf et al., 1984; Coroniti et al., unpublished] or electron
measurements [Schwartz et al., 1987] in the magnetotail that strong wave particle scattering
is occurring. Plasma heating by high frequency, ion acoustic waves is also a possibility, but
like at the subcritical fast shock, the ion acoustic turbulence level is probably too low to
be important for heating (Winske et al., 1987], although the presence of ion acoustic like
waves may suggest the existence of backstreaming ions {Greenstadt and Mellott, 1987]. So
far, however, a detailed study of possible microinstabilities and their effect at the leading
edge of the current layer of a slow shock has not been carried out.

H. 2-D Effects

Another explanation for the absence of a wavetrain may be that it is destroyed by
2-D effects, not included in the present 1-D simulations. For example. the Alfven ion
cyclotron instability, which is excited by a temperature anisotropy in the ions (Ty, > Ty)),
operates at fast shocks and isotropizes the ions in the downstream region [Thomas and
Brecht, 1986]. As noted previously, the absence of a good method to initialize a slow
shock simulation implies that the calculations must be run to a very long time in a large
systemn, which precludes a 2-D calculation at the present time. One could conceivably use
the results of a 1-D calculation, assuming spatial homogeneity in the second dimension,
to initialize the 2-D simulation with a wavetrain already in place. Of course, it is best
to understand the 1-D structure as well as possible before extensive studies of 2-1) are
undertaken.

[. Summary
This rather lengthy list of problems does not constitute a complete set, but is instead
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merely a starting point. Some of the questions are rather straightforward and only require
some diligent effort. Other are more difficult and need much more thinking through. It
is a fair guess to predict that some of these issues will be resolved, but many other will
remain by the time of Solar Wind Sev-n.

4. Conclusions

Time dependent numerical simulations of slow shocks have been reviewed. The MHD
calculations show that slow shocks are an important element in magnetic reconnection,
but the simulations can .ot resolve the trailing wavetrain structure. Such wavetrains are
clearly seen in the hybrid-kinetic calculations that include ion inertia and gyroradius scales,
but as yet quantitative comparisons with theory have not been carried out. A number of
other issues related to particle dynamics and the overall field structure in the hybrid
simulations are still unresolved and remain challenging questions to be investigated in the
future. Finally, it must be emphasized that successful numerical modeling requires detuiled
comparison with observaticns. In order to achieve the level of understanding of slow shocks
that presently exists for fast shocks, more complete observations of more slow shocks in
the solar wind are needed.
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Figure 1. Results of MHD simulations showing slow shock current structure (left panel) in
reconnection geometry and profiles of mass density (p), pressure (p), magnetic field

component (B.), and current (j) through the shock (from Hayashi and Sato, 1978)|.
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Figure 2. Results of hybrid simulations showing shock formation from initial uniform s:ates
related by Rankine-Hugoniot conditions: profiles of v;-x and v,-x ion phase space, ion

density (n), and magnetic field component (B,) at various times.
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Figure 3. Results of hybrid simulations showing siow shock formation from the interaction

of a plasma strcam with a reflecting wall: profiles of density and B, at various times

[from Winske et al., 1985).
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Figure 4. Resuita of slow shock sitnulation of Figure £ at later time (f1,¢ = 200) showing
Uz-X, Vy-X phase apace and profiles of n, B, and B,. Parameters in this and subsequent

figures unless otherwine noted: 8y, = 60°, M4 = 0.5, 8, =0.01, 8, = 0.1.
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Figure 5. Results of various hybrid simulations showing wavetrain structure in By: (a)
B, - 0.001, (b) A, = 001, (c) A = 0.1, (d) 8yn = 75° (Ms = 0.26), (¢) Onn -

45°(0.71), () Opn = 30°(0.87), (g) Ipn = 5°(0.5).
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Figure 6. Results of various hybrid simulatiors showing wvavetrain structure in B, for var-

ious electron models: (a) adiabaticall: heated, (b) ohmically heated, and {c} isother-

mal.
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Figure 7. Profiles of electrostatic potentials for same case as Figure 4: (a) ¢N7, (b) ¢HT,

(c) ¢"T for similar pararmeters but chmically heated electrons.



Figure 8. [Top panels|: v.-x and B, from Figure 4; [middle panels|: v,-x and B, for
similar run with ohmically heated electrons; [bottom panel] v,-x phase space for alpha
particles for run similar to the middle panels except that the alpha population is 5%

of the upstream density and Q,t = 300.



